[1] In seismically and tectonically active regions, the present-day strain field tends to bias interpretation of the geological record. This is usually reasonable, but in areas such as triple junctions, the orientation of stress and the locus of strain can evolve abruptly in space and time. We present deformation measurements using satellite radar interferometry (InSAR) and seismicity that together capture the intrusion of a ∼6 km long, ∼1.5 m wide dike into the upper crust of the Ethiopian rift in southern Afar during May 2000. Dikeinduced volcano-tectonic seismicity suggests that the intrusion was injected laterally during a period of ∼4 days. Seismic moment release accounts for only 5% of the total 1.6 × 10
18 Nm geodetic moment, showing that diking accommodates the majority of strain. The intrusion intriguingly strikes at N122°E, perpendicular to the trend of the present-day East African rift. The geometry and age constraints on faulting and volcanic activity in southern Afar, combined with plate reconstructions, suggest that the dike likely intrudes an ∼ESE-SE striking magmatic system that localized strain during Oligo-Miocene rifting in the Red Sea and Gulf of Aden. We also identify the southerly extent of the Arabian Plate in Afar during the Oligocene in mantle seismic tomographic images: an abrupt increase in seismic velocity in southern Afar is coincident with a stepped increase of ∼20 Myr in the time elapsed since the onset of plate stretching. The anomalous orientation of the May 2000 intrusion implies that African-Arabian tectonics still influences the stress field in southern Afar and is at least partly accommodated by magma intrusion. Citation: Keir, D., C. Pagli,
Introduction
[2] Active tectonics and the present-day strain field that characterize a region often dominate interpretation of the geological record. However, in some areas such as triple junctions, the tectonic processes acting in a region can evolve dramatically over very short length and time scales. One such example is the seismically and volcanically active Afar triangle [Barberi and Varet, 1977; Hofstetter and Beyth, 2003; Ayele et al., 2007] , which exposes subaerially the meeting of the Arabian, Somalian and Nubian Plates in the Horn of Africa [e.g., McKenzie et al., 1970; Beyene and Abdelsalam, 2005] (Figure 1 ). The tectonic evolution of southern Afar has frequently been synthesized in light of the present-day ∼ESE-WNW extensional strain field associated with the Miocene-recent Main Ethiopian rift (MER) that bisects the region [e.g., Kendall et al., 2005 Kendall et al., , 2006 Rooney et al., 2007; Keranen and Klemperer, 2008] . However, structural geology constrained with geochronology shows that during the period ∼30-10 Ma, southern Afar rifted as a result of the ∼NE directed removal of the Arabian plate from Africa [e.g., Mohr, 1972; Tesfaye et al., 2003; Wolfenden et al., 2004 Wolfenden et al., , 2005 Ayalew et al., 2006; Bosworth et al., 2005] leading to the opening of the Gulf of Aden [e.g., Leroy et al., 2010a Leroy et al., , 2010b . This implies that a near90°rotation in the direction of extension has occurred in southern Afar during triple junction development, with an associated dramatic reorganization in rate, mechanism and locus of strain.
[3] Here we use crustal deformation data measured by satellite radar interferometry (InSAR) and seismicity to constrain the geometry and time scale of a dike intrusion into the MER in southern Afar during May 2000 (Figures 2  and 3 ). The vertical intrusion is ∼6 km long and emplaced laterally into the crust at a depth range of 6-12 km over a period of ∼4 days. However, the dike has an anomalous strike of ∼N122°E which is inconsistent with extension across the MER. We interpret our measurements using a combination of surface morphology, the geological record, alongside insights from the upper mantle seismic velocity structure of the region to show that southern Afar retains a signature of Red Sea-Gulf of Aden tectonics and with it, clues as to the origins of Arabia.
Tectonics
[4] The Miocene-recent Main Ethiopian rift (MER) constitutes the northern part of the East African rift (EAR) system and forms the youngest arm of the rift-rift-rift triple junction currently positioned in central Afar [e.g., Tesfaye et al., 2003; Wolfenden et al., 2004] (Figure 1 ). Since the Quaternary, extensional strain in the MER has localized to ∼30 km wide, ∼60 km long en echelon magmatic segments encapsulating NNE striking faults and volcanic cones aligned along a rift axis striking perpendicular to the ∼N100°E extension direction (Figure 1 ) [e.g., Mohr, 1967; Hayward and Ebinger, 1996; Bilham et al., 1999; Ebinger and Casey, 2001; Casey et al., 2006; Corti, 2008 Corti, , 2009 . Anomalously fast seismic velocities in the crust beneath these Quaternary axial segments [e.g., Keranen et al., 2004; Mackenzie et al., 2005; Maguire et al., 2006; Daly et al., 2008] , coincident with positive Bouguer anomalies [Mahatsente et al., 1999; Tiberi et al., 2005; Cornwell et al., 2006] suggest that the localized emplacement of axial mafic intrusions has dominated extension during Quaternary-recent times.
[5] In the central portions of the MER, the Quaternaryrecent axial segments right step laterally by ∼10-15 km and are set within a ∼60 km wide rift valley defined by NE striking Miocene age border faults that likely exploit similarly oriented Proterozoic lithospheric fabric (Figure 1 ) [e.g., Gashawbeza et al., 2004; Bonini et al., 2005; Keranen and Klemperer, 2008; Agostini et al., 2009] . The major phases of mechanical stretching and thinning of lithosphere beneath the MER and associated growth of border faults in the upper crust is constrained by stratigraphy exposed at the rift margins. South of ∼7°N, faulting was well established by ∼18 Ma [WoldeGabriel et al., 1990; Ebinger et al., 1993; Rooney, 2010] . Between 7°N and 10°N, however, synrift growth of sedimentary and volcanic sequences, as well as fission track thermochronology on exposed basement, indicates rapid growth of border faults started somewhat later, between 6 and 11 Ma [Ukstins et al., 2002; Wolfenden et al., 2004; Bonini et al., 2005; Abebe et al., 2010] .
[6] The structure and tectonic history of the Miocenerecent MER south of ∼10°N strongly contrasts the northernmost ∼150 km of the rift, where the Quaternary-recent MER axis strikes ∼NNE within the broad Afar Depression (Figure 1) . Here, the rift axis is set within mutually perpendicular western and southern margins of the Afar depression where rifting initiated at ∼30 Ma in the southern Red Sea [e.g., Wolfenden et al., 2005; Ayalew et al., 2006] and at ∼35 Ma along the full length of the Gulf of Aden [e.g., Leroy et al., 2010a] (Figure 1 ). The northernmost MER therefore rifts lithosphere already extended by ∼20 Myr of ∼NE oriented African-Arabian plate separation prior to formation of the MER. This marked change in age since initial lithospheric stretching and faulting in southern Afar is evident in the abrupt 10 km decrease in crustal thickness from 35 km thick in the central MER to ∼25 km thick in the northern MER [Makris and Ginzburg, 1987; Dugda et al., 2005; Maguire et al., 2006; Stuart et al., 2006; Cornwell et al., 2010] . The northern end of the MER currently terminates at the Tendaho-Goba'ad Discontinuity (TGD) (Figure 1 ).
[7] Kinematic models constrained by GPS data suggest ∼6-8 mm/yr of ∼N100°E directed opening in the central and northern MER (Figure 1 ) [e.g., Jestin et al., 1994; Fernandes et al., 2004; Stamps et al., 2008] . Similar models suggest ∼15 mm/yr of ∼N35°E directed opening across the western Gulf of Aden rift [e.g., Jestin et al., 1994] . Current opening across the kinematically complex southern Red Sea rift is well constrained with a relatively high density of GPS measurements [e.g., ArRajehi et al., 2010; McClusky et al., 2010] . These data show that south of ∼16°N, the rift bifurcates into two branches: the main Red Sea and the subaerial Red Sea rift in Afar (Danakil Depression) ( Figure 1 ). Partitioning of extension between rift branches varies linearly along strike; north of ∼16°N, ∼N50°E oriented extension at ∼15 mm/yr is all on the main Red Sea rift while south of ∼13°N, extension of ∼20 mm/yr has transferred completely into Afar, meaning that the southern portion of the highly extended Danakil block currently has the same plate motion velocity as the Arabian plate [Vigny et al., 2006; McClusky et al., 2010] . The present-day tectonics of northern Afar suggests that the Danakil block is likely to form a minor continental block on the future Arabian passive margin [Eagles et al., 2002; Peron-Pinvidic and Manatschal, 2010] , a structure perhaps analogous to the Rockall Bank on the eastern margin of the North Atlantic [see, e.g., White et al., 2008] .
[8] Rifting in Ethiopia currently occurs above a broad, slow seismic velocity anomaly in the mantle [e.g., Ritsema and van Heijst, 2000; Benoit et al., 2006; Bastow et al., 2008 Bastow et al., , 2011 Sicilia et al., 2008] . This has been interpreted as a region of anomalously high temperature and partial melt that are primarily caused by the combined effects of the African superswell and ongoing MER extensional tectonics [e.g., Bastow et al., 2010] . 2 ) and was detected by seismograph stations operating in the region . Here, we probe the sequence in space and time by analyzing the deformation field with InSAR and through detailed analysis of the evolution in seismicity.
Data and Methods

InSAR Observations
[10] An interferogram can be regarded as a map of deformation, where each cycle of colors (fringe) represents a ground displacement in the line of sight (LOS) to the satellite of ∼2.8 cm, if using ERS data. We formed a series of five interferograms covering the Ayelu-Amoissa volcanic complex, using radar images acquired by the ERS1/2 satellites between 1997 and 2003 ( Figure 2 ). We used images from Track 6 in descending orbit, as this was the only Track where images were collected over the time span of the dike intrusion. The interferograms span different time periods allowing us to separate prediking, codiking and postdiking deformation (Figure 2 ). The codiking interferograms (Figures 2b-2d) show a consistent deformation signal, arranged in three lobes. The same deformation pattern is observed in at least two interferograms formed using completely independent pairs, indicating that the signal is real and not caused by atmospheric disturbances. About one fringe of positive LOS displacement (ground moving away from the satellite) is centered at the location of the seismic swarm in May 2000 and two lobes of negative LOS displacement (ground moving toward the satellite) are observed on the sides. The pattern is consistent with dike emplacement at depth, causing subsidence immediately above the dike and uplift and horizontal movement away from the dike on the opposite sides of the dike plane (Figure 3 ). The deformation pattern is asymmetric due to the satellite viewing geometry. Up to two fringes of negative LOS displacement are observed on the northeastern lobe, as both the horizontal and vertical displacements are toward the satellite. While in the southwestern lobe only one fringe is observed, as the negative LOS displacement from the flank uplift tends to be canceled by the positive LOS displacement from the horizontal displacement. Therefore we conclude that this deformation signal is real and related to the seismic activity in May 2000. Prediking and postdiking interferograms show no significant deformation.
Seismicity
[11] We use seismicity data recorded during May 2000 in southern Afar (Figure 1) (Figure 1 ). Data were also sourced from two permanent stations: FURI (IRIS/USGS) and ATD (GEOSCOPE) (Figure 1 ). The seven seismic stations are 150-400 km from the earthquake hypocenters and provide a maximum azimuthal gap in station coverage of 70°. To minimize the influence of phase reading errors and a variable station distribution on earthquake locations, we relocate 32 earthquakes with the clearest P and S wave arrivals at all seismic stations. Earthquakes are located using a 1-D seismic velocity model constrained by the results of wide-angle seismic experiments [Makris and Ginzburg, 1987; Maguire et al., 2006] . Due to the large distance between earthquakes and stations we fix hypocenter depths to 7 km, consistent with best fit source depths determined using waveform modeling of the four largest magnitude earthquakes . These earthquake depths are also consistent with estimates of effective elastic thickness of the Afar lithosphere Pérez-Gussinyé et al., 2009] . Our resultant locations have estimated horizontal errors of <3 km.
[12] To constrain the release of seismic energy, we expand the data set to ∼150 earthquakes that were detected on at least three seismic stations. Local magnitudes (M L ) of these earthquakes were computed, with maximum zero-to-peak amplitude measured on simulated horizontal component Wood-Anderson displacement seismograms after removal of instrument response [Richter, 1935] . These measurements are used in conjunction with hypocentral distances to estimate local magnitude (M L ) using the distance correction applicable to the MER . These analyses also show that all the M L > 3.5 earthquakes have been included in the data set of 32 relocated events, and are therefore the major contributors to the total seismic strain. Seismic moment release (M o ) is determined using empirical relationships between M L , m b , and M o [e.g., Kanamori, 1977; Hanks and Kanamori, 1979; Scordilis, 2006] . Earthquake source parameters and moment magnitudes for the four largest earthquakes are determined by moment tensor inversion on three-component displacement waveforms, with a full description of methods provided by Ayele et al. [2006] .
Results
InSAR Modeling
[13] To explain the deformation pattern we use a dike injection at the location of the seismic swarm in May 2000. The deformation source is buried in a uniform elastic isotropic half-space, with a Poisson's ratio of 0.25. The interferogram in Figure 2c was selected for the modeling as it covers the shortest codiking interval and it shows good coherence and low level of atmospheric disturbances. We found the ten best fit model parameters using a nonlinear inversion, employing a simulated annealing search [e.g., Cervelli et al., 2001; Pagli et al., 2007] . Before performing the inversion, the interferogram was cleaned from orbital contributions by subtracting a linear tilt. The data were then unwrapped ( Figure 3d ) and quadtree partitioned in order to transform the interferometric deformation from a series of fringes to a continuous scale and to reduce the data size [e.g., Jonsson et al., 2002] .
[14] We found a best fit solution (Figure 3 ) consisting of a 6.1 km long dyke, dipping 86°NE, extending from 6 to 12 km depth, striking N122°E and with 1.5 m of uniform opening. The model gives an RMS misfit of 7.8 mm and a reduced c 2 of 0.6. The reduced c 2 equals r T ∑ −1 r nÀm , where r is the residual, ∑ is the data covariance matrix, n is the number of data points and m is the number of model parameters. The reduced c 2 is expected to be 1 if the optimal solution is found and our assumption of data errors (10 mm) KEIR ET AL.: MAGMA-ASSISTED REMOVAL OF ARABIA IN AFAR TC2008 TC2008 is correct. Therefore a c 2 of 0.6 indicates that the fit of the model and a 10 mm uncertainty for the interferometric data are reasonable. Geodetic moment for the best fit model is ∼1.6 × 10
18 Nm, assuming a shear modulus of 30 GPa.
Seismicity
[15] Earthquake epicenters define an ∼8 km long, ∼3 km wide, ∼N120°E striking elongate cluster located ∼40 km ESE of the Ayelu-Amoissa volcanic complex (Figure 2) . Seismicity is spatially coincident with surface subsidence measured using InSAR (Figure 3 ). Moment tensor inversion shows normal slip on ESE-WNW to E-W striking faults, and a best fit source depth of 7 km (Figure 2) .
[16] Within the cluster, the location of earthquakes migrates through time (Figure 4) . During 1-7 May, infrequent and low-magnitude earthquakes (M L < 2.5) are located at the western side of the cluster. However, during 10-13 May, both the number and magnitude of earthquakes show significant increase (Figure 4) . This approximately 4 day phase of relatively rapid seismic moment release is also characterized by a progressive ∼8 km eastward migration of seismicity. The cluster of earthquakes shows no discernible N-S migration with time ( Figure 4) . After 14 May, seismicity decreased and is localized to the eastern portion of the deformed zone. The total seismic moment release during the earthquake cluster is ∼6.5 × 10 16 Nm, ∼4% of the total 1.6 × 10 18 Nm strain estimated from the geodetic data, showing that the majority of deformation is accommodated elastically by the intrusion.
[17] During 10-13 May 2000, the peak in seismic moment release and synchronous lateral migration of high-frequency volcanic-tectonic earthquakes is consistent with a model of seismicity induced by locally concentrated extensional stress near the leading edge of a laterally propagating dike [e.g., Rubin and Gillard, 1998; Roman and Cashman, 2006] . Assuming the migrating seismicity tracks the lateral growth of the intrusion, we estimate that the dike propagated ∼8 km eastward over 4 days at an average velocity of ∼2 km/d. However, closer inspection of the temporal pattern of seismicity suggests the dike grew rapidly to half its final length of ∼4 km on 10 May 2000, after which lateral dike growth slowed progressively (Figure 4 ).
Discussion
[18] In the following sections we place constraints on the magmatic plumbing system that gave rise to the May 2000 event. In doing so, we show how a clear understanding of Ethiopia's asynchronous rift sector development is of paramount importance when interpreting present-day tectonic activity.
Magma Plumbing System Associated With the May 2000 Intrusion
[19] Combined measurements of deformation using InSAR and seismicity provide strong evidence that strain during the May 2000 event is accommodated principally by lateral intrusion of a vertical dike. Such observations of deformation during dike intrusion are rare, with the only previous example from the East African rift being the similarly scaled July-August 2007 intrusion beneath the Ngorongoro-Ol Doinyo Lengai-Gelai chain of volcanoes in the Natron rift, Tanzania [e.g., Baer et al., 2008; Calais et al., 2008; Biggs et al., 2009] .
[20] The May 2000 intrusion in the MER is subparallel to the ∼ESE striking Ayelu-Amoissa chain of aligned volcanic centers that dominate the morphology of the right stepping MER offset at ∼10°N (Figures 3 and 5) . At the surface, both Ayelu and Amoissa are characterized by rhyolitic flows, with minor basaltic cones and lava fields occupying the eastern periphery of the volcanic center [Chernet et al., 1998 ]. InSAR data show no evidence of significant surface deformation at either volcano, indicating that magmatic movements at shallow levels did not occur. However, the west-to-east migration of seismicity suggests strongly that magma is sourced from a reservoir beneath the volcanic center. The lack of measureable subsidence at the surface above the magma source is likely due to deflation of a relatively deep magma reservoir, making detection of associated surface subsidence difficult. Alternatively, the reservoir may not have deflated despite evacuation of magma into the new dike. Such lack of reservoir deflation can be caused by expansion of magma in the chamber due to gasses exsolving in response to pressure drop, or from the presence of stiff spherical magma chamber that does not easily deform [e.g., Rivalta and Segall, 2008] .
[21] While our observations of deformation do not constrain the precise location or depth of the magma reservoir that feeds the dike, geophysical and geochemical data from similar Quaternary-recent silicic volcanic centers in Ethiopia support residence of partial melt in upper crustal plumbing systems beneath central volcanoes. Quaternary-recent volcanic rocks of the MER are predominantly rhyolites and ignimbrites sourced from axial calderas [e.g., Boccaletti et al., 1999] , with the chemistry of these felsic rocks indicating partial fractionation from basalts in shallow crustal reservoirs [e.g., Peccerillo et al., 2003 Peccerillo et al., , 2007 Rooney et al., 2007 Rooney et al., , 2011 . The presence of a magma reservoir in the upper crust beneath the Ayelu-Amoissa volcanic chain is also supported by the presence of a particularly slow seismic velocity anomaly imaged beneath these volcanoes using tomographic inversion of surface waves with a period of 5-10 s, which are sensitive to seismic structures in the depth range ∼5-10 km [Guidarelli et al., 2009] .
[22] The May 2000 intrusion in the MER was not associated with extrusive volcanic activity. Nevertheless, the spatial arrangement of nearby basaltic cones at the eastern periphery of the Quaternary volcanic field suggests that the intrusion has a relatively primitive composition. This is consistent with relatively lower-viscosity and higher-density magma being required for lateral transport to larger distances away from a magma reservoir located beneath a volcanic edifice [e.g., Pinel and Jaupart, 2004] , which is expressed at many volcanic fields by more primitive eruptive products around the edges of more evolved, silicic central volcanoes [e.g., Hildreth, 1981; Gudmundsson, 1995; Ebinger and Casey, 2001] , and as observed in the Ayelu-Amoissa volcanic system.
[23] The geophysical and geological evidence presented here in support of lateral dike intrusion bears similarities to the style of deformation during the 1975-84 Krafla rifting episode in the North Volcanic Zone, Iceland, as well as to the ongoing Dabbahu rifting episode in northern Afar. In these regions, combined seismicity and geodetic data sets provide strong evidence that mafic dikes are predominantly intruded laterally into the crust, with the basaltic magma sourced via middle to upper crustal magma reservoirs located beneath volcanic centers [e.g., Brandsdóttir and Einarsson, 1979; Einarsson and Brandsdóttir, 1980; Buck et al., 2006; Ayele et al., 2009; Keir et al., 2009b; Ebinger et al., 2010; Grandin et al., 2010] . These results suggest that dike intrusion at divergent plate boundaries generally propagate laterally from a central reservoir, rather than emplaced vertically from the mantle.
Implications for the Evolution of the Afar Triple Junction
[24] Dike intrusions usually strike perpendicular to the direction of minimum compressive stress [e.g., McKenzie et al., 1992; Rubin, 1995] . However, the N122°E oriented May 2000 intrusion approximately parallels the ∼N100°E oriented regional extension across the MER [e.g., Bendick KEIR ET AL.: MAGMA-ASSISTED REMOVAL OF ARABIA IN AFAR TC2008 TC2008 Figure 5 . Simplified structural map of the Main Ethiopian rift (modified after Casey et al. [2006] ). Thick gray lines are border faults with the annotated dates showing the age of the onset of rifting estimated from Ar 40 /Ar 39 dates on synrift volcanic rocks [Ukstins et al., 2002; Wolfenden et al., 2004 Wolfenden et al., , 2005 Ayalew et al., 2006] . Thin gray lines are Pliocene age faults, and thin black lines are Quaternary-recent faults along the rift axis. Red shapes show major Quaternary to recent volcanic centers. The light red shaded region is Late Miocene basalt flows (∼7-8 Ma) [Wolfenden et al., 2004] , and stars show Late Miocene volcanic centers (∼7 Ma) on the southern margin of Afar [Chernet et al., 1998] [25] The geometry of the modeled dike relative to the Ayelu-Amoissa volcanic chain suggests that the intrusion strikes radially away from the volcanic center (Figure 3 ). Both load of volcanic edifice and pressurization in a subsurface magma reservoir generates radial maximum horizontal stress [e.g., Acocella and Neri, 2009] and therefore provides a plausible mechanism to locally overprint regional stresses from Nubian-Somalian plate separation. However, aligned volcanic cones are restricted to the western flank of Ayelu volcano and the eastern flank of Amoissa, with the implication that loading and magma pressurization effects do not dominate the longer-term strain field. The dike also strikes approximately ∼SE, intriguingly perpendicular to the present-day ∼NE oriented African-Arabian extension direction that characterized southern Afar prior to ∼10 Ma. In the subsequent paragraphs we cite geological and geophysical evidence that magmatic processes in southern Afar, exemplified by the May 2000 event, remain strongly influenced by a long history of Arabian tectonics.
[26] Spatial and temporal constraints on the evolution of southern Afar come from structural mapping and dating of synrift volcanic rocks along the western Afar margin. These studies show that during Oligocene to Upper Miocene times (∼7-8 Ma) active extension and volcanism in the southern Red Sea rift characterized the western margin of Afar as far south as ∼10°N [Wolfenden et al., 2005; Ayalew et al., 2006] (Figure 5) . The now inactive ∼ESE-SE striking faults and aligned chains of volcanoes near the southern margin of the Afar depression provide indelible evidence of the ∼NE oriented African-Arabian Oligocene-Miocene strain field [e.g., Chernet et al., 1998; Tesfaye et al., 2003] . Zones of localized extension and volcanism accommodating ∼NE motion of the Arabian Plate have, since ∼10 Ma, migrated northeastward by ∼150 km from southern Afar to their current position NE of the TGD [e.g., Tesfaye et al., 2003; Audin et al., 2004] , coeval with the ∼NE migration of the ∼E-W oriented strain field of the northernmost MER [e.g., Mohr, 1972; Wolfenden et al., 2004] . The AyeluAmoissa volcanic chain is thus located near the southwestern extent of ∼NE-SW directed Oligo-Miocene rifting and strikes perpendicular to the strain field that characterized it.
[27] The asynchronous development of rifting in Ethiopia has marked implications for the current thermal conditions and generation of melt. The increase in rift age of ∼20 Myr north of 10°N, where the Miocene-recent MER connects with the Oligocene-recent Red Sea and Gulf of Aden rifts shows up remarkably clearly in seismic tomographic images of upper mantle velocity structure ( Figure 6 ). The extreme low velocities observed in the MER between 7°N and 10°N are well explained by a rifting model in which plate stretching at ∼6-10 Ma generated decompression melts in the underlying asthenosphere. The short period of time since stretching and faulting were replaced by magma intrusion as the dominant mechanism of strain means that these mantle thermal anomalies have barely had chance to cool by conduction to the surface [Bastow et al., 2010] . In contrast, further north in southern Afar where rifting began ∼20 Myr earlier, cooling of the decompressed asthenosphere by conduction through the overlying plate to the surface, and progressive removal of lower melting point constituents by magma intrusion during progressive rifting explains why present-day uppermost mantle velocities are slightly higher than in the MER between 7°N and 10°N [Bastow et al., , 2010 . In support of the tomographic observations, studies of seismic anisotropy indicate a peak in melt volume in the 7°N-10°N sector of the MER [e.g., Kendall et al., 2005; Bastow et al., 2010] .
[28] The greater time available for conductive cooling of the mantle as the MER merges into the Afar depression explains the lack of Quaternary-recent rift flank volcanism along the Oligo-Miocene age southern and southwestern margins of Afar. Magma supply is maintained in the AyeluAmoissa system, however, due to its coincidence with focused supply of ongoing decompression melting beneath the ∼30 km wide rift axis of the MER. The paucity of Quaternary-recent rift flank volcanism in Afar contrasts the younger MER south of 10°N where the less than 10 Myr since decompression melting from initial plate stretching provides a ready supply of melt to linear volcanic chains located on rift border faults (e.g., Debre Zeit Volcanic Lineament [e.g., Rooney et al., 2007; Keir et al., 2009a] ).
[29] While geophysical monitoring of deformation in Afar suggests that the majority of current extensional strain related to the ∼NE motion of the Arabian Plate is accommodated NE of the TGD [e.g., Wright et al., 2006; Ayele et al., 2009; Hamling et al., 2009; Keir et al., 2009b; Ebinger et al., 2010; McClusky et al., 2010] , our new observations of ∼N35°E directed dike opening in the MER suggest that the motion of Arabia still influences current deformation in southern Afar, where African-Arabian extension began ∼30-35 Ma [e.g., Autin et al., 2010; Leroy et al., 2010a Leroy et al., , 2010b . Since dike injection accommodates strain at lower stresses than faulting [e.g., Bialas et al., 2010] , the coincidence of ongoing and localized decompression melting beneath the narrow MER axis with favorably oriented magmatic systems formed during the earlier removal of Arabia aids the maintenance of limited ∼NE directed extension in the northernmost MER. Further evidence for ongoing African-Arabian deformation being accommodated in southern Afar is provided by moment tensors of large earthquakes occurring since 1960, which shows other earthquakes located near the northern MER axis with ∼NE oriented T axes (Figure 6 ).
[30] Alternatively, the location and orientation of the May 2000 intrusion may be caused by migration of magma along preexisting transverse faults that cut across the northern MER. Structural and volcanology studies in the MER show examples of rift-perpendicular alignment and elongation of QR volcanic centers that correlate to mapped ∼ESE-WNW striking faults present near the rift borders. These structures are proposed to influence the initiation and evolution of Quaternary-recent magma chambers and faults along the axis of the MER [e.g., Mohr, 1968; Acocella et al., 2003; Korme et al., 2004] . While such ∼ESE-WNW striking faults that cut across the MER plausibly formed during the OligoMiocene rifting of the Arabian plate from Africa, a preOligocene origin to such structures cannot be ruled out.
[31] Our multidisciplinary study demonstrates the likely importance that the motion of the Arabian plate has on the tectonic evolution of the whole of the Afar depression, including the southern portion that is now within the MER. We show that ∼NE oriented strain in Afar related to the separation of Arabia is currently not only restricted to the current incipient Red Sea and Gulf of Aden plate boundaries such as the Dabbahu magmatic segment [e.g., Wright et al., 2006] , Tendaho Graben [Acocella, 2010] , and Asal-Ghoubbet rift [e.g., Doubre and Peltzer, 2007; , Figure 6 . Slice at 75 km depth through the P wave relative arrival time tomographic model of Ethiopia by Bastow et al. [2008] , plotted with the lower hemisphere projection of earthquake focal mechanisms. Blue focal mechanisms are sourced from the CMT catalog. Green focal mechanisms have been computed using moment tensor inversion of data from local stations . Solid black lines indicate border faults. Quaternary-recent magmatic segments are shaded in gray. The annotated dates show the estimated age for the onset of rifting [Ukstins et al., 2002; Wolfenden et al., 2004 Wolfenden et al., , 2005 Ayalew et al., 2006] . Note that the lowest seismic velocities in the upper mantle are beneath the MER between 7°N and 10°N, where the geological record suggests initial stretching of the lithosphere and rapid growth of faults in the upper crust occurred during 6-11 Ma. In contrast, further north in central Afar where rifting began ∼30-35 Ma, cooling of the decompressed asthenosphere by conduction through the plate to the surface, and progressive removal of lower melting point constituents by magma intrusion during progressive rifting explains why present-day uppermost mantle velocities are higher. Present-day active tectonics in southern Afar can thus be used to map the ∼NE migration of the Afar triple junction and, by inference, the relatively rapid northeast motion of the Arabian plate. and invites future detailed GPS studies to better understand the distributed strain field at an evolving subaerial triple junction. A detailed appreciation of the changes in the orientation, rate and locus of strain throughout rift evolution is also paramount for constraining both subsidence and thermal histories of sedimentary basins throughout the region. Since these factors exert a major control on the elevation and shape of the land surface, they also strongly influence the evolution of paleoclimate and paleogeography [e.g., Kalb, 1995; Redfield et al., 2003] . In addition, the geological history of major anthropological sites in southwestern Afar such as Hadar have been shaped by both Red Sea and MER extension ( Figure 5 ), meaning that unraveling the spatial and temporal evolution of the strain field also has direct relevance to understanding patterns of early human speciation.
Conclusions
[32] We have used InSAR and seismicity that record the intrusion of a dike into the upper crust of the Ethiopian rift in southern Afar during May 2000. Elastic models of InSAR data show that the dike is ∼6 km long, ∼1.5 m wide, and strikes N122°E, an intriguing orientation since it is subparallel to the current regional extension direction of the MER. The geological record and tectonic history of southern Afar suggest that the dike intrudes an ∼ESE-SE trending volcanic system formed during the separation of the Arabian Plate from Africa during Oligo-Miocene times. Such zones of localized ∼NE directed extension have since been largely overprinted by development of the northernmost East African rift. Our interpretation is supported by the abrupt northward, along-rift increase in seismic velocity of the upper mantle in southern Afar coincident with a stepped increase in age since the major phases of initial mechanical stretching of the plate. The observed seismic and magmatic activity in SW Afar indicates that a NE-oriented strain field still influences the MER, showing a component of strain from the current ∼NE motion of the Arabian Plate is distributed away from the incipient Red Sea and Gulf of Aden plate boundaries in northern and eastern Afar.
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